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FOREWORD 


The  work  described  and  illustrated  in  this  report  was  performed  at 
the  Materials  Research  Laboratory,  Aerojet-General  Corporation,  Sacra¬ 
mento,  California,  under  USAF  Contract  No,  AF  33(615)-1249.  The  contract 
was  initiated  under  Project  No.  7350,  Task  No.  735001.  The  work  was 
administered  under  the  direction  of  the  Air  Force  Materials  Laboratory, 
with  Lt.  P.  J.  Marchiando  acting  as  Project  Engineer,  and  Dr.  E.  Rudy, 
Aerojet-General  Corporation,  as  Principal  Investigator.  Professor  Dr. 
Hans  Nowotny,  University  of  Vienna,  Austria,  served  as  consultant  to  the 
project . 

The  project,  which  includes  the  experimental  and  theoretical  inves¬ 
tigation  of  selected  refractory  ternary  systems  in  the  system  classes 
Mel“Me2'ci  Me-B-C,  Mei-Me2-B,  Me-Si-B  and  Me-Si-C,  was  initiated  on 
1  January  1964. 

The  experimental  program  was  laid  out  by  Dr.  B.  Rudy,  and  the  author 
wishes  to  thank  him  for  his  advice  during  the  course  of  this  investiga¬ 
tion,  He  further  wishes  to  thank  J.  R.  Hoffman  for  many  helpful 
discussions  with  respect  to  metallographic  interpretations,  B.  Spencer 
for  sample  preparation,  and  R.  Cobb  for  the  X-ray  exposures  and  metallo¬ 
graphic  prints.  Finally,  the  typing  of  the  report  by  Mrs.  J.  Weidner  and 
the  preparation  of  the  drawings  by  Mr.  R.  Cristoni  are  gratefully  acknow¬ 
ledged. 

Other  reports  issued  under  USAF  Contract  AF  33(615)-1249  have 
included: 

Part  I.  Related  Binaries 


Volume 

I. 

Mo-C  System 

Volume 

II. 

Ti-C  and  Zr-C  Systems 

Volume 

III. 

Systems  Mo-B  and  W-B 

Volume 

IV. 

Hf-C  System 

Volume 

V. 

Ta-C  System.  Partial  Investigations 
in  the  Systems  V-C  and  Nb-C 

Volume 

VT. 

W-C  System.  Supplemental  Information 
on  the  Mo-C  System 

Volume 

VI T. 

Ti-B  System 

Volume 

IX. 

Hf-B  System 

Volume 

X. 

V-B,  Nb-B,  and  Ta-B  Systems 

Volume 

XI. 

Final  Report  on  the  Mo-C  System 

Volume 

XII. 

Revision  of  the  V-C  and  Nb-C  Systems 

t  II .  Ternary  Systems 

Volume 

I. 

"ra-Hf-C  System 

Volume 

II. 

Ti-Ta-C  System 

Volume 

III. 

Zr-Ta-C  System 

Volume 

IV. 

Ti-Zr-C,  Ti-Hf-C,  and  Zr-Hf-C  Systems 

Volume 

V. 

Ti-Hf-B  System 

Volume 

VI. 

Zr-Hf-B  System 

ii 


FOREWORD  (Cont'd) 


Volume  VII. 
Volume  VIII. 
Volume  IX. 

Volume  X. 

Volume  XI. 
Volume  XII. 
Volume  XIII. 

Volume  XIV. 
Volume  XV. 


Systems  Ti-Si-C,  Nb-Si-C,  and  W-Si-C 
Ta-W-C  System 

Zr-W-B  System.  Pf  judo -binary  System 
TaB2-HfB2 

Systems  Zr-Si-C,  Hf-Si-C,  Zr-Si-B,  and 
Hf-Si-B 

Systems  Hf-Mo-B  and  Hf-W-B 
Ti-Zr-B  System 

Phase  Diagrams  of  the  Systems  Ti-B-C, 
Zr-B-C.  and  Hf-B-C 
The  Hafnium-Iridium-Boron  System 
Constitution  of  Ternary  Niobium -Molybdenum  - 
Carbon  Alloys 


Part  III.  Special  Experimental  Techniques 

Volume  I.  High  Temperature  Differential  Thermal 
Analysis 

Volume  II.  A  Pirani-Furnace  for  the  Precision  Determina¬ 
tion  of  the  Melting  Temperatures  of  Refractory 
Metallic  Substances 


Part  IV.  Thermochemical  Calculations 

Volume  I.  Thermodynamic  Properties  of  Group  IV,  V, 
and  VI  Binary  Transition  Metal  Carbides. 
Volume  II.  Thermodynamic  Interpretation  of  Ternary 
Phase  Diagrams 

Volume  III.  Computational  Approaches  to  the  Calculation 
of  Ternary  Phase  Diagrams. 


This  technical  report  has  been  reviewed  and  is  approved. 


Chief,  Ceramics  and  Graphite  Branch 
Metals  and  Ceramics  Division 
Air  Force  Materials  Laboratory 


ABSTRACT 


Phase  equilibria  in  the  ternary  system  vanadium -niobium -carbon 
from  800*C  through  the  melting  ranges  of  the  cubic  monocarbide  solid  solu¬ 
tions  have  been  established  on  the  basis  of  X-ray,  melting  point,  and  metal- 
loeraphic  studies.  The  phase  equilibria  above  1400*C  are  presented  m  a  three- 
dimensional  temperature -composition  constitutional  diagram;  the  phase 
equilibria  below  1400*C  were  not  extensively  investigated  due  to  kinetics 
problem .  Vanadium  monocarbide  and  niobium  monocarbide  form  a  contin¬ 
uous  solid  solution  in  the  same  manner  as  the  low-temperature  modification 
of  the  ordered  hexagonal  vanadium  subcarbide  and  niobium  subcarbide.  How¬ 
ever,  the  addition  of  vanadium  subcarbide  to  niobium  subcarbide  stabilizes  the 
high -temperature  modification  of  the  disordered  hexagonal  niobium  subcarbide 
to  about  1780*C  in  the  ternary  field. 
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I. 


INTRODUCTION  AND  SUMMARY 


A.  INTRODUCTION 

Apart  from  theoretical  interest,  phase  equilibrium  data  of 
binary  and  ternary  alloy  systems  are  essential  in  preselecting  compatible 
material  systems  for  industrial  applications.  Although  phase  diagrams  provide 
only  equilibrium  data  concerning  the  alloy  systems  in  question,  the  investiga¬ 
tions  usually  yield  valuable  information  with  respect  to  the  kinetics  of  reac¬ 
tion.  Due  primarily  to  their  refractoriness,  the  transition  metal  carbides 
have  received  considerable  interest  from  industrial  concerns  in  recent  years. 
The  two  .binary  group  V  transition  metal  (vanadium  and  niobium)  carbon  systems 
have  been  recently  thoroughly  reinvestigated  by  Rudy,  Windisch,  and  Brukl*1* 
of  this  laboratory;  however, high-temperature  phase  relationships  concerning 
the  ternary  vanadium -niobium-carbon  system  are  not  available  in  the  litera¬ 
ture.  The  present  study  was  undertaken  to  establish  the  phase  equilibria  in 
this  system  from  800*C  all  the  way  through  the  melting  ranges,  since  certain 
vanadium-niobium-carbon  alloys  have  been  thought  to  be  potential  cutting  tool 
materials. 


B.  SUMMARY 


The  ternary  alloy  system  vanadium -niobium -carbon  has  been 
investigated  by  X-ray,  metallographic,  melting  point,  and  DTA  methods .  The 
melting  point  samples  of  the  ternary  alloys  were  prepared  exclusively  by  hot- 
pressing  in  graphite  dies,  using  the  monocarbides  and  the  necessary  elemental 
components  as  the  starting  materials.  Selected, post-melting  samples  were 
examined  metallographically  and  arc -melted  whenever  necessary. 

Solid  state  samples  were  also  prepared  by  hot-pressing  in 
graphite  dies  using  the  elemental  components  as  the  starting  materials.  These 
samples  were  heat  treated  at  810°C,  1500'C,  and  1730°C  and  were  examined 
using  X-rays  in  order  to  establish  the  solid-state  phase  equilibria. 
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1. 


Binary  Systems 


The  two, binary  metal  carbon  systems  have  been  recently 

thoroughly  re-investigated  by  Rudy,  Windisch,  andBrukl(1),  and  needs  no 
further  discussion  here.  Earlier  works  concerning  the  b>na3j  Y  vanadlum- 
niobium  system  have  been  summarized  by  Hansen  and  Anderko  .  More 
recently,  Rudy^3'  redetermined  the  melting  equilibria  and  found  the  system 
has  a  minimum  congruent  melting  point.  1862’C  at  21  atomic  %  niobium. 

2.  Constitution  Diagram  Vanadium-Niobium-Carbon 


The  constitution  diagram  vanadium-niobium-carbon 
established  experimentally,  is  presented  in  Figure  1.  The  main  features  of 
this  system  are  described  in  the  following: 

a.  The  Monocarbide  Phase 

Vanadium  monocarbide  and  niobium  monocarbide, 
both  having  the  B-l  type  of  structure  and  large  ranges  of  homogeneity  with 

respect  to  carbon,  form  a  continuous  series  of  solid  solutions  at 

1500-C.  At  45  atomic  %  carbon,  the  lattice  parameters  increase  from  4.159  ft 
at  the  vanadium  side  to  4.457  ft  at  the  niobium  side,  exhibiting  a  slight  posi¬ 
tive  deviation  from  Vegard's  law.  Based  on  the  distribution  of  the  tie  lines 
in  the  monocarbide-subcarbide  two-phase  field,  a  thermodynamic  evaluation 
indicates  this  phase  would  form  a  miscibility  gap  at  about  800°C. 

b.  The  Subcarbide  Phase 

The  orthorhombic  forms  of  V2C  (a  =  11.49  ft, 
b  =  10.06  ft  ,  and  c  =  4. 55  ft  )  stable  below  about  800°C^  \  and  Nb2C  (a  =  12,36  ft  , 
b  =  10.90  ft  ,  and  c  =  4.97  ft  )  stable  below  about  1200°C^  probably  form  a  contin¬ 
uous  series  of  solid  soktims  based  on  the  lattice  parameters  of  long-time  heat- 
treated  samples  at  about  810°C.The  carbon  contents  of  all  these  alloys  were 
close  to  33  atomic  %.  Both  the  vanadium-rich  and  niobium-rich  alloys  showed 
the  presence  of  the  orthorhombic  a-Fe.,N  type)  structure,  while  the  alloys 
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having  metal  exchanges  between  10  to  60  atomic  %  niobium  exhibited  only  the 
high-temperature  hexagonal  structure,  presumably  never  attained  equi¬ 
librium.  The  variation  of  the  lattice  parameters  as  a  function  of  metal 
exchange  suggests  a  continuous  series  of  solid  solutions.  All  the  three  lattice 
parameters  show  positive  deviations  from  linear  relationships. 

The  high -temperature  hexagonal  forms  of  V2C 
and  Nb2C  («-Fe2N  type)  also  form  a  continuous  series  of  solid  solutiais  based 
on  the  lattice  parameters  of  the  alloys  heat  treated  at  1500  C.  The  c-param- 
eter  increases  from  4.57  X  at  the  vanadium-side  to  4.96  X  at  the  niobium  side* 
while  the  a -parameter  wiries  frcm  2.89  X  to  3.15  A.  Both  parameters  exhibit  slight 
positive  deviations  from  linear  relationships.  Based  on  the  tie  line  dis¬ 
tributions  in  the  metal-subcarbide  two-phase  field,  a  thermodynamic  analysis 
indicates  a  critical  temperature  for  the  formation  of  a  miscibility  gap  at  about 
900“C. 


In  the  Nb2C  phase,  at  about  2440 *C,  the  hexa¬ 
gonal  i-Fe  N  type  structure  of  P-NbG  undergoes  a  second  phase  transformation 
Z  2  (1) 

to  y-Nb2C  as  detected  by  DTA  method'  .  This  transformation  is  presumably 

one  of  sublattice  order -disorder  transformation  as  discussed  by  Rudy  and 
(4) 

Brukl'  .  The  DTA-results  of  several  alloys  containing  35  atomic  %  carbon  Stowed 
that  the  addition  of  vanadium  stabilizes  the  high  temperature  disorder  form 
to  about  1780*C  at  a  metal-exchange  of  about  62  atomic  %  niobium. 

c.  Metal-Rich  and  Carbon-Rich  Equilibria 

There  is  no  four -phase  reaction  in  the  vanadium- 
niobium-carbon  system.  The  metal-rich  eutectic  trough  extends  from  the 
vanadium-side  with  15  atomic  %  carbon  to  the  niobium  side  with  7  atomic  % 
carbon.  The  eutectic  temperature  increases  gradually  at  first  from  1650“C  in 
the  vanadium-carbon  binary.  At  a  metal-exchange  beyond  about  30  atomic  % 
niobium,  the  temperature  increases  more  steeply  to  2350*C  in  the  niobium- 
carbon  binary. 
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Due  to  the  formation  of  a  continuous  series  of 
solid  solutions  of  the  subcarbide  phase  at  high  temperature,  the  peritectic 
trough  extends  from  the  binary  vanadium -carbon  to  the  niobium -carbon  side. 
The  temperature  increases  smoothly  from  2187*C  to  3035*C. 

The  carbon-rich  eutectic  trough  between  the 
monocarbide  solid  solution  and  graphite  extends  from  the  vanadium  side  with 
49.5  atomic  %  carbon  to  the  niobium  side  with  60  atomic  %  carbon.  Starting 
from  the  vanadium  side,  the  temperature  increases  gradually  from  2625 "C 
up  to  a  metal  exchange  of  about  50  atomic  %  niobium  and  then  increases  sharply 
to  3300*C . 


An  isopleth  at  a  35  atomic  %  carbon  is  shown  in 

Figure  2. 

II.  LITERATURE  REVIEW 

A.  BOUNDARY  SYSTEMS 

The  literature  data  concerning  the  phase  relationships  of  both 
vanadium-carbon  and  niobium -carbon  binary  systems  up  to  1963  were  sum¬ 
marized  by  Kieffer  and  Benesovsky^  More  recently,  in  connection  with  their 
reinvestigation  of  these  two  binary  systems,  Rudy,  Windisch,  and  Brukl^ 
summarized  the  newer  experimental  data.  The  revised  phase  diagrams  for 
vanadium -carbon  and  niobium -carbon  according  to  Rudy  et  al.^1^  are  shown 
in  Figures  3  and  4. 


In  the  binary  system  vanadium -carbon,  the  metal-rich  eutectic 
containing  15  atomic  %  C  melts  at  l650'C.  The  solubility  of  carbon  in  the  pri¬ 
mary  vanadium  solid  solution  at  this  temperature  is  5.  5  atomic  %  C.  Vanadium 
subcarbide  (V2C),  having  a  range  of  homogeneity  from  27  to  about  33  atomic  %  C 
at  1650-C,  melts  peritectically  at  2187‘C  to  the  monocarbide  phase  and  a  melt 
containing  about  29  atomic  %  C.  The  monocarbide  (VC),  having  a  large  range 
of  homogeneity  from  37  to  about  46. 5  atomic  %  C  at  2200°C,  melts  with  a 
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NIOBIUM  EXCHANGE  .ATOMIC  % 


VC 


0.54 


Figure  2.  V-Nb-C:  Isopleth  at  35  Atomic  %  Carbon 


Figure  4.  Constitution  Diagram  Niobium-Carbon  . 

(E.  Rudy,  St.  Windisch,  and  C .  E.  Brukl). 

* 

maximum  at  2648 *C  and  43  atomic  %  C  .  The  monocarbide -graphite  eutectic, 
with  49.5  atomic  %  C, melts  at  2625‘C.  Above  about  800°C,  vanadium  sub- 
carbon  has  a  hexagonal  (undistorted)  structure  (P-VjC).  The  lattice  param¬ 
eters  vary  from  a  =  2.884  X  and  c  =  4.  565  X  at  the  metal-rich  boundary  to 
a  =  2.901  X  and  c  =  4.575  X  at  the  carbon-rich  boundary.  At  about  800'C, 
the  high  temperature  hexagonal  modification  (  p-V2C)  undergoes  a  homogeneous 
phase  transformation  to  an  ordered,  orthorhombic  modification  (£ -Fe2N  type) 
o-V  C.  The  lattice  parameters  of  this  modification  are  a  =  11.49  X, 
b  =  10.96  X,  and  c  =  4.55  X  .  The  transition  proceeds  sluggishly  and  even  more 
so  when  monocarbide  is  present.  The  ; -phase  described  earlier  by  Storms 
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and  McNeal^  ^  has  not  been  thoroughly  studied  by  Rudy  et  al.  to  be  certain 
whether  it  is  a  stable  or  metastable  phase  analogous  to  the  phase  in  the  tantalum- 
carbon  system^.  The  lattice  parameters  of  the  monocarbide  B-l  phase  vary 
linearly  with  the  carbon  content. 


With  the  exception  of  the  subcarbide  phase  (NbjC),  the  general 
phase  relationships  in  the  binary  system  niobium-carbon  are  similar  to  those 
in  the  vanadium-carbon  system.  The  metal-rich  eutectic  at  a  carbon  concen¬ 
tration  of  10.5  atomic  %  melts  at  2353‘C.  The  maximum  solubility  of  carbon 
in  the  primary  metal  solid  solution  at  the  eutectic  temperature  is  7.5  atomic  %  C. 
There  are  three  polymorphic  modifications  of  the  niobium  subcarbide  phase 
(Nb2C).  At  temperatures  below  about  1230*C,  a-Nb2C  has  the  orthorhombic 
C-Fe2N  type  structure  (a  =  12.36  ft,  b  =  10.  90  ft  ,  and  c  =  4. 97  ft ) .  Above 
this  temperature,  P-Nb2C  has  the  hexagonal  structure  (probably  *-Fe  N  type) 
and  the  lattice  parameters  vary  from  a  =  3.117ft,  c  =  4.956ft  to  a  =  3.127ft, 
c  =  4.974  ft  at  the  carbon-rich  phase  boundary.  With  increasing  temperature 
to  about  2440-C  (referring  to  Figure  3),  the  hexagonal  p-Nb2C.  an  ordered 
phase,  reacts  with  the  monocarbide  phase  at  a  eutectoid  isotherm  to  form  the 
high-temperature  disordered  form  of  y-N^C.  The  ordered  hexagonal  sub- 
stoichiometric  Nb2C  phase  undergoes  a  second -order  phase  transformation  to 
the  high -temperature  disordered  structure  with  a  destruction  of  long-range 
order  in  the  carbon  sublattice.  In  a  similar  manner  as  V2C,  Nb  C  melts 
per itectically  at  3035*0  to  the  monocarbide  phase  and  a  melt  containing  about 
28  atomic  %  C.  The  4 -phase  which  was  claimed  to  be  a  third  intermediate 


phase  between  the  subcarbide  and  monocarbide  phases(8)  has  been  shown  by 
Rudy  et  al.  to  be  a  metastable  phase  within  the  temperature  range  1600"  to 
2500"C .  The  monocarbide  B-l  phase  (NbC),  having  a  large  range  of  homo¬ 
geneity  from  37  to  49  atomic  %  C  at  3035 °C,  melts  with  a  maximum  at  3613*C 
and  44  atorruc  %  C.  NbC  forms  an  eutectic  with  graphite  at  3305  °C  and 
60  atomic  %  C.  The  lattice  parameter  of  NbC  phase  increases  from  a  =  4.431  ft 
to  4.470  ft  at  the  carbon-rich  boundary,  exhibiting  a  positive  deviation  from 


a  linear  relationship. 


Earlier  works  concerning  the  binary  vanadium -niobium 
system  have  been  summarized  by  Hansen  and  Anderko(2).  More  recently 
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(3) 

Rudy1  '  redetermined  the  melting  points  of  this  binary  system  using  high- 
purity  metal  powders.  He  found  this  system  has  a  minimum  congruent  melt¬ 
ing  point  at  1862  °C  and  21  atomic  %  Nb. 

B.  VANADIUM-NIOBIUM -CARBON 

With  the  exception  of  the  calculated  phase  diagram  of  the  system 

(91 

vanadium -niobium -car bon  at  1700°C  by  Rudy'  no  experimental  data  exist 
in  the  literature. 

III.  EXPERIMENTAL  PROGRAM 

A.  EXPERIMENTAL  PROCEDURES 

1 .  Starting  Materials 

The  melting  point  samples  were  prepared  from  vanadium 
monocarbide,  niobium  monocarbide,  and  the  elemental  powders.  Both  mono¬ 
carbides  were  prepared  by  directly  reacting  the  cold-pressed  metal  powders 
in  a  carbon  pot  furnace.  The  vanadium  powder  used  for  preparing  the  start¬ 
ing  monocarbide  material  was  purchased  from  Oregon  Metallurgical  Corpora¬ 
tion.  The  impurities  in  ppm  were:  C-350,  H2-32,  O2-1780,  N2-320,  Fe-950, 
and  Si-460.  Niobium  metal  powder  was  purchased  from  Wah  Chang  Corpora¬ 
tion  and  had  the  following  impurities  in  ppm:  Al-<20,  C-30,  Fe-42,  Hz-210, 
N2-115,  0-940,  Si-<50,  Ta-<50,  and  Ti-<40.  The  carbon  powder,  purchased 
from  National  Carbon  Company,  had  the  following  impurities  in  ppm:  S-110, 
Si-46,  Ca-44,  Fe-40,  Al-8,  Ti-4,  and  Mg-2.  Since  the  metal-carbon  mixtures 
were  reacted  at  rather  high  temperature  under  vacuum,  the  impurity  oxygen 
reacted  with  graphite  to  form  volatile  CO.  Chemical  analyses  of  the  two  mono¬ 
carbide  starting  materials  showed  that  VC  had  17.77  wt%  C  (47.8  atomic  %  C) 
while  NbC  had  10.68  wt%  C  (48.05  atomic  %  C).  The  lattice  parameters  of  VC 
and  NbC  determined  from  powder  patterns  using  Cu-Ka  radiation  were 
a  =  4.  162  X  and  4. 468  X  ,  respectively. 
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For  solid  state  investigations,  samples  were  prepared 
from  the  elemental  powders. 

2.  Alloy  Preparation  and  Heat  Treatment 

The  cylindrical  melting  point  samples  of  approximately 
13  mm  in  diameter  and  30  mm  in  length  with  a  rectangular  or  cylindrical  reduced 
section  in  the  center  were  prepared  by  hot-pressing  well-mixed  powder 
mixtures  in  graphite  dies.  Before  determining  the  melting  points  of  these 
alloys,  the  hot -pressed  samples  were  ground  on  sandpaper  to  remove  any 
minute  surface  contaminations.  A  small  hole  of  1  mm  diameter,  drilled  into 
the  center  portion  of  the  samples,  served  as  the  black-body  cavity  for  the  tem¬ 
perature  measurements.  The  compositions  of  all  the  melting  point  samples 
are  shown  in  Figure  5. 


Figure  5.  Compositions  of  Melting  Point  Samples. 
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For  solid-state  investigations,  samples  having  the 
approximate  dimensions  of  8  mm  in  diameter  and  6  mm  in  height  were  like¬ 
wise  hot -pressed  in  graphite  dies  using  well-mixed  elemental  powders.  After 
hot-pressing,  each  sample  was  surface -ground  to  remove  any  contamination 
before  long-time  heat  treatment  was  carried  out  to  achieve  equilibrium. 

The  alloys  having  carbon  compositions  higher  than  30  atomic  %  C  were  heat-treated 
at  1730*C  for  60, hours  and  selected  alloys  were  also  heat  treated  at  1500*C 
for  90  hours  as  shown  in  Figure  6.  Both  heat  treatments  were  carried  out  in 
an  atmosphere  of  high-purity  helium.  As  shown  in  Figure  7,  alloys  having  a 
carbon  composition  less  than  35  atomic  %  C  were  first  heat-treated  at  1500  C 
for  64  hours  under  an  atmosphere  of  helium.  Among  these  alloys,  selected 
compositions  were  also  heat-treated  at  810'C  under  high  vacuum  ('■1x10  5mm  Hg) 
for  a  period  of  300  hours. 


Figure  6.  Compositions  of  Solid-State  Samples  Heat-Treated  at  1730°C 
and  1500'C. 

Whenever  the  melting  point  samples  were  not  sufficiently 
dense  for  metallographic  examination,  they  were  arc  melted  in  a  non-consum¬ 
able  tungsten  electrode  melting  furnace.  The  samples  were  then  examined 
both  by  X-ray  and  metallographic  methods.  The  compositions  of  all  the  alloys 
metallographically  examined  are  shown  in  Figure  8. 
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3. 


Melting  Point 


The  melting  point  determinations  of  selected  alloys, as 
shown  in  Figure  4,  was  carried  out  using  the  Pirani-technique  which  has  been 
extensively  described  previously^1 ^ . 

The  temperature  measurements  were  carried  out  with 
a  disappearing  filament  type  micropyrometer,  which  was  calibrated  against 
a  certified  larrm  from  the  National  Bureau  of  Standards.  The  temperature  was 
corrected  for  absorption  losses  in  the  quartz  window  of  the  melting  point 
furnace  anJ  leviations  due  to  non-black -body  conditions  of  the  observation 
hole.  The  detailed  treatment  with  regard  to  the  temperature  correction  has 
also  beet  liscussed  by  Rudy  and  Progulski^1^  and  needs  no  further  discus¬ 
sion  hei  t . 


To  prevent  any  appreciable  loss  of  carbon  or  metal 
components  from  the  melting  samples  during  the  course  of  the  melting  point 
determination,  the  furnace  chamber  was  pressurized  to  about  2-1/4  atmos¬ 
pheres  with  high  purity  helium  after  a  short  vacuum  degassing  treatment  at 
temperatures  below  the  incipient  melting  points. 

4.  Differential  Thermal  Analysis 

The  details  of  DTA -apparatus  has  been  discussed  exten¬ 
sively  in  previous  publications^11^  and  will  not  be  repeated  here. 

5.  Metallography 

The  metallographic  samples,  which  had  been  either  a 
small  portion  of  the  molten  zone  of  the  melting  point  samples,  or  are  melted 
samples  whenever  the  molten  zone  of  the  melting  sample  was  not  sufficiently 
dense,  were  mounted  in  an  electrically  conductive  mixture  of  diallylphtalate- 
lucite -copper  powder.  After  coarse  grinding  on  silicon  carbide  paper  with 
grit  sizes  varying  from  120  to  600,  the  samples  were  first  polished  on  a  nylon 
cloth  using  a  slurry  of  5%  chromic  acid  and  3y  alumina  powder.  After  all 
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these  treatments,  alloys  having  carbon  concentrations  more  than  49  atomic  %  (see 
Figure  8)  ware  ready  to  be  photomicrographed  directly  due  to  the  large  contrast 
between  the  graphite  precipitates  and  the  monocarbide  phase.  For  alloys 
between  35  to  49  atomic  %  C,  the  specimens  were  then  electroetched  with  5% 
sulfuric  acid.  Finally,  for  alloys  having  carbon  concentrations  less  than 
35  atomic  %,  niobium-rich  specimens  were  electroetched  with  0.  5%  oxalic 
acid  while  the  vanadium -rich  specimens  were  dipped  in  20%  Murakamis  solu¬ 
tion  before  photomicrographs  were  taken. 

b .  X-Ray  Analysis 

Debye -Scherrer  powder  diffraction  patterns,  using 
Cr-Ka  radiation,  were  made  of  all  samples  after  melting  point  and  solid  state 
investigations,  as  well  as  of  arc  melted  samples. 

7 .  Chemical  Analysis 

The  two  starting  monocarbide  materials,  vanadium  and 
niobium  monocarbides,  were  analyzed  for  carbon  concentration  using  the 
direct  combustion  method.  The  carbon  content  was  determined  by  measur¬ 
ing  the  thermal  conductivity  of  the  combusted  C02-Oz  gas  mixture  in  a  Leco 
carbon  analyzer. 

B.  EXPERIMENTAL  RESULTS 

1 .  Solid  State  Phase  Equilibria 


The  phase  equilibria  of  the  ternary  system  vanadium- 
niobium-carbon, as  determined  primarily  from  an  X-ray  analysis  of  the  long¬ 
time  heated  samples  at  1730°C  and  1500°C,are  shown  in  Figures  9  and  10. 
Since  the  subcarbide  and  monocarbide  solid  solutions  melt  at  relatively  high 
temperatures,  they  were  heat  treated  at  1730°C  under  helium  in  order  to 
achieve  equilibrium.  At  this  temperature,  VC  and  NbC  form  a  continuous 
series  cf  solid  soltlicns  as  evidenced  by  the  continuous  variation  of  the  lattice 
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parameters  in  terms  of  metal  exchange  as  shown  in  Figure  11.  The  lattice 
parameters  were  obtained  at  room  temperature  on  alloys  quenched  from 
1730”C.  As  shown  in  Figure  11,  the  lattice  parameter  increases  from 
a  =  4.  159  X.  at  the  vanadium-side  to  a  =  4.457  X  at  the  niobium-side,  exhibit¬ 
ing  a  positive  deviation  from  the  Vegard's  law.  Selected  alloys  in  the  sub¬ 
carbide -monocarbide  region  (see  Figure  6)  were  then  heat  treated  at  1500°C 
under  helium  for  90  hours  to  see  whether  a  miscibility  gap  results  in  the 
monocarbide  solid  solution.  The  lattice  parameters  of  all  these  alloys  quenched 
from  1500°C  were  essentially  the  same  as  those  quenched  from  1730°C  as  men¬ 
tioned  earlier,  indicating, at  least  at  1500“C,VC  and  NbC  still  form  a  continuous 
series  of  solid  solutions. 


4.50 


o  45  Atomic  %  C,  •  E.Rudy 
A  43-44  Atomic  %  C  ▲  E  Rudy 


VC  - NIOBIUM  EXCHANGE,  ATOMIC  %  — ►  NbC 

~x  l-x 

Figure  11.  Lattice  Parameters  of  the  Ternary  Monocarbide  Solid  Solution  . 
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The  continuous  variation  of  lattice  parameters  of  the 
hexagonal  subcarbide  alloys  quenched  from  1500°C  are  shown  in  r  igure  12 
as  a  function  of  metal  exchange, indicating  that  V2C  and  Nb2C  also  form  a 
continuous  series  of  solid  solutions.  The  c-parameter  increases  from  4.58  X.  to 
4.96X;  while  the  a-parameter  increases  from  2.89  X  to  3.14  X  .  Both  exhibit  posi¬ 
tive  deviation  from  linear  relationships.  The  c/a  ratio  increases  slightly 
from  V  C  to  Nb  C.  The  lattice  parameters  of  the  pure  hexagonal  V  C  and  Nb2C 

2  2  /q\ 

were  taken  from  the  compilation  of  Storms  .  Alloys  in  the  subcarbide  region, 
as  well  as  selected  ones  in  the  metal-subcarbide  two-phase  field  (Figure  7), were 
heat  treated  at  81(rc  for  300  hours  under  a  vacuum  of  ~  1  x  10  mm  Hg.  X-ray 
examinations  of  these  alloys  showed  most  of  the  niobium-rich  alloys  transformed 
to  the  low-temperature  orthorhombic  structure.  The  lattice  parameters  of  all 
the  alloys  transformed  to  the  low-temperature  structure  are  plotted  is  a  func¬ 
tion  of  niobium-exchange  in  Figure  13,  Based  on  the  variations  of  these  lattice 
parameters,  it  is  believed  that  V2C  and  Nb2C  of  the  orthorhombic  structure  also 
form  a  continuous  series  of  solid  solutions  at  about  810°C.  Since  none  of  the 
subcarbide  alloys  within  10  to  60  atomic  %  Nb  showed  any  evidence  of  the  low-tan 
perature  orthorhombic  structure,  they  presumably  never  attained  the  equilibrium, 
and  the  center  portions  of  the  lattice  parameter  versus  composition  curves 
are  drawn  as  dashed  lines. 

As  shown  in  Figures  9  and  10,  the  tie-line  distributions 

within  the  metal-subcarbide  and  subcarbide -monocarbide  two-phase  fields  at 

1 500°C  and  1730°C,  respectively, were  determined  by  comparing  the  lattice 

parameters  of  the  component  phases  present  in  the  two-phase  alloys  with  the 

variations  of  the  lattice  parameters  of  the  three  series  of  solid  solutions.  The 

lattice  parameters  of  the  body-centered  cubic  metal  solid  solutions  were 

(12) 

determined  by  Wilhelm,  Carlson,  and  Dickinson'  while  the  lattice  param¬ 
eters  of  the  hexagonal  subcarbide  and  the  cubic  monocarbide  solid  solutions 
are  those  obtained  in  the  present  study. 

Since  there  is  no  corresponding  high-temperature  modi¬ 
fication  of  the  7-Nb  C  structure  in  the  V2C  phase,  the  effect  of  V  f,  addition 
to  the  transformation  of  f3-Nb2C  to  7-Nb2C  has  been  studied  by  DTA-technique . 
DTA  thermograms  of  two  ternary  alloys:  V-Nb-C  (25-40-35)  and  V -Nb -C 
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Figure  13.  Lattice  Parameters  of  the  Ternar y  Orthorhombic  Subcarbide 
Solid  Solution  . 
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( 1 5-50-35),as  presented  in  Figures  14  and  15, show  thermal  arrests  at  1780°C 
and  1820”C  respectively.  These  thermal  arrests  are  most  probably  due  to 
the  stabilization  of  the  high-temperature  modification  of  the  subcarbide  phase, 
(i.e.  hexagonal  structure  with  a  destruction  of  long-range  order  in  the  carbon 
sublattice)  by  V2C.  For  several  alloys  at  the  same  carbon  concentration,  i.e. 

35  atomic  %,  but  richer  in  vanadium  content,  no  thermal  arrest  was  observed 
by  DTA -method  under  similar  experimental  conditions.  Based  on  the  DTA 
results,  the  appearance  of  the  ternary  high-temperature  disordered  phase  (p-)  at 
1 780°C  may  be  attributed  to  a  fcrmation  from  the  monocarbide  phase  (7)  and  the  low 
temperature  hexagonal  subcarbide  phase  (P)  in  a  pseudobinary  eutectoid  reac¬ 
tion  as  follows: 


P'  P+  y 

Figure  16  shows  the  reaction  sequence  starting  from  T,,(1780"C)  at  which  p1 
is  first  formed  to  T6  (slightly  above  2440»C)  where  the  two-phase  field  p-p' 
disappears  in  the  binary  niobium -carbon  system .  A  second  and  equally 
possible  reaction  sequence,  which  is  favored  in  the  present  work,  will  be 
described  in  a  later  section  on  the  assembly  of  the  ternary  phase  diagram. 

2'  Phase  Equilibria  in  the  Melting  Range 

The  location  of  the  eutectic  trough, extending  from  the 
vanadium  side  at  15  atomic  %  C  to  the  niobium  side  at  10.  5  atomic  %  C.was 
established  by  metallogi  aphic  examination  of  alloys  having  carbon  concentra¬ 
tions  between  13  and  20  atomic  %.  The  photomicrographs  of  three  alloys  — 
V-Nb-C  (75-5-20),  V-Nb-C  (70-15-15),  and  V-Nb-C  (60-23- 17)  —  near  the 
metal-subcarbide  eutectic  trough  are  shown  in  Figures  17,  18,  and  19. 

Figure  17  exhibits  the  primary  subcarbide  with  metal  precipitations  within 
these  grains  and  the  metal-rich  eutectic-like  structure.  Figure  18  shows  an 
eutectic-type  structure  indicating  the  alloy  V-Nb-C  (60-23-17)  is  on  the 
eutectic  trough, and  the  third  photomicrograph  as  presented  in  Figure  19  again 
depicts  the  primary  subcarbide  phase  and  the  metal-rich  eutectic -type  struc¬ 
ture.  The  fact  that  all  three  alloys  exhibit  eutectic-like  structure  indicates 
the  three-phase  boundaries  must  be  extremely  narrow,  in  agreement  with  the 
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Figure  14.  DTA -Thermogram  of  a  V -Nb-C  (25-40-35)  Alloy 


2500  2000  1500  1000 

< - TEMPERATURE, °C  - 

DTA-Thermogram  of  a  V -Nb-C  (15-50-35)  Alloy 


Figure  15. 


Figure  17.  Photomicrograph  of  a  V-Nb-C  (70-5-20)  Alloy  Quenched  X600 
from  About  1670*C. 


Primary  Subcarbide  Phase  with  Meta)  Precipitates  within  the  Grains 
and  Metal -Rich  Eutectic  Structure. 


Figure  18.  Photomicrograph  of  an  Arc -Melted  V  -Nb-C  (70-15- 1 5)  X720 

Alloy. 

Metal-Rich  Eutectic -Type  Structure. 
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Figure  19.  Photomicrograph  of  an  Arc -Melted  V -Nb-C  (60-23-17)  X1000 

Alloy. 

Primary  Subcaibid''  and  Metal-Rich  Eutectic -Type  Structure. 


sharp  melting  observed  in  the  melting  point  determination  as  shown  in  Figure 
20.  With  increased  niobium -exchange,  the  melting  became  less  sharp  as 
shown  in  Figure  20,  indicating  the  boundaries  of  the  three-phase  equilibria 
became  wider.  Eutectic  like  structures  were  not  obtained  for  any  of  these 
alloys.  Figures  21  and  22  show  two  photomicrographs  of  arc-melted  niobium  - 
richer  alloys  —  V  -Nb-C  (50-35-15)  and  V -Nb-C  (22-65-13)  —  exhibiting  typical 
two-phase  structures  of  metal  and  subcarbide. 

The  ternary  subcarbide  solid  solution  (V,Nb)2C  melts 

per  itectically  in  a  similar  manner  as  the  pure  V^C  and  NbzC .  The  peritectic 

temperatures  and  carbon  compositions  of  alloys  determined  in  the  present 

study  are  presented  in  Figure  23.  The  data  for  pure  V  C  and  Nb  C  according 

( 1 )  *  Z 

to  Rudy,  Windisch,  and  Brukl'  '  are  also  included  in  this  figure.  Several  of 
the  alloys.as  shown  in  Figure  23^  had  rather  low  incipient  melting  points, 
most  probably  due  to  the  presence  of  unreacted  monocarbide -metal  mixture 
in  the  melting  point  samples.  Three  typical  photomicrographs  showing  the 
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Figure  20.  Compositions  and  Melting  Temperatures  of  the  Metal-Rich 
Eutectic  Trough. 
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Figure  2 1 . 


3hotor”’rrograph  of  an  Arc-Melted  V-Nb-C  (50-^5-  5) 
llloy . 

T1Un.Ptiasp.  Metal  and  Subcarbide. 
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Figure  22.  Photomicrograph  of  an  Arc-Melted  V-Nb-C  (22-65-13)  X100 

Alloy. 

Two-Phase,  Metal  and  Subcarbide  . 
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per itectic -type  reactions  are  presented  in  Figures  24  through  26.  Figure  24 
shows  the  monocarbide  grains  being  attacked  by  the  metal  solutions  to  form 
the  subcarbide  phase;  while  the  two  niobium-rich  alloys  as  presented  in 
Figures  25  and  26,  also  exhibit  the  precipitation  of  the  subcarbide  phases  with¬ 
in  the  monocarbide  grains. 

The  Pirani  melting  point  data  of  the  ternary  mono¬ 
carbide  alloys  are  presented  in  Figure  27  as  a  function  of  niobium -exchange 
for  different  compositions  of  carbon.  As  shown  in  Figure  27,  the 
solidus  temperatures  of  the  monocarbide  solid  solution  increase  smoothly 
from  the  vanadium -side  to  the  niobium  side.  With  the  exception  of  alloys 
close  to  the  two  binary  phases  VC  and  NbC ,  melting  of  the  ternary  mono¬ 
carbide  phase  was  extremely  heterogeneous  as  also  presented  in  Figure  27, 


Figure  24.  Photomicrograph  of  a  V -Nb-C  (37-30-33)  Alloy  X250. 

Quenched  from  About  2  500*C. 

Monocarbide,  Metal,  and  Subcarbide . 
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Figure  25.  Photomicrograph  of  a  V-Nb-C  (15-55-30)  Alloy  X475 

Quenched  from  About  2500°C. 

Monocarbide,  Metal,  and  Subcarbide  with  Subcarbide 
Precipitates  within  the  Monocarbide  Grains. 


Figure  26.  Photomicrograph  of  a  V-Nb-C  (7-60-33)  Alloy  X375 

Quenched  from  about  2800°C. 

Monocarbide,  Metal,  and  Subcarbide  with  Subcarbide  Precipitates 
within  the  Monocarbide  Grains. 
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Figure  27.  Pirani  Melting  Point  Data  of  the  Ternary  Monocarbide  Alloy 
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indicating  a  wide  separation  of  the  solidus  and  liquidus  surfaces.  The  top 
portion  of  Figure  23  shows,  within  the  scatter  of  the  data  and  the  limited 
number  of  melting  point  determinations,  that  the  maximum  solidus  temperatures 
of  the  monocarbide  phase  for  carbon  concentrations  varying  from  43  to  45 
atomic  %  are  essentially  the  same.  Two  typical  photomicrographs  of  the 
monocarbide  phase  having  compositions  close  to  the  two  binary  phases  show 
single-phase  alloys.  These  are  presented  in  Figures  28  and  29. 

The  temperatures  and  compositions  of  the  carbon-rich 
eutectic  trough  are  presented  in  Figure  30.  Starting  from  the  vanadium-side, 
the  temperatures  increase  gradually  up  to  about  50  atomic  %  and  then  in¬ 
crease  sharply  toward  the  binary  carbon-rich  eutectic  in  the  niobium -carbon 
binary.  Figure  31  shows  the  photomicrograph  of  a  V-Nb-C  (46 -4-51*  \  alloy 
quenched  from  2650°C  exhibiting  the  primary  crystallization  of  gr^uaite .  On 
the  other  hand.  Figure  32,  a  photomicrograph  of  V-Nb-C  (3-40-57)  alloy 
quenched  from  3200*0,  shows  the  primary  monocarbide  phase  and  the  graphite- 
monocarbide  eutectic  like  structure. 

3.  Assembly  of  the  Phase  Diagram 

The  experimental  evidence.as  presented  .is  summarized 
in  the  ternary  constitutional  diagram  vanadium-niobium-carbon  (Figure  1) 
from  1400°C  through  the  melting  range  of  the  monocarbide  solid  solutions.  The 
equilibria  below  1400*C  are  not  included  in  this  phase  diagram, since  the  phase 
relationships  at  low-temperatures  were  not  ectensively  investigated.  To 
facilitate  reading  of  the  three-dimensional  phase  diagram,  a  series  of  iso¬ 
thermal  sections  were  prepared  and  are  shown  in  Figures  33  through  42.  The 
reaction  sequence  for  the  initiation  of  the  p'-(V.Nb)  C  phase  in  the  ternary  at 
1780°C  and  the  termination  of  the  same  phase  in  the  niobium-carbon  binary, 
as  favored  in  the  present  work, is  presented  in  Figures  35  through  4 1 . 
Finally,  the  liquidus  projections  which  are  consistent  with  the  binary  systems 
and  the  isothermal  sections  are  presented  in  Figure  42. 
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Figure  28.  Photomicrograph  of  a  V-Nb-C  (5-55-40)  Alloy 
Quenched  from  about  2600*C. 

Single-Phase  Monocarbide  . 


Figure  29.  Photomicrograph  of  a  V-Nb-C  (5-50-45)  Alloy 
Quenched  from  about  3300*C. 

Single-Phase  Monocarbide. 


X240 


X42  5 
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Figure  31.  Photomicrograph  of  a  V-Nb-C  (46-4-50)  Alloy 
Quenched  from  2650  *C. 

Primary  Graphite  in  a  Monocarbide  Matrix. 


X400 


Figure  32. 

Primary  Monocarbide  and  Graphite -Monocarbide  Eutectic. 


Photomicrograph  of  a  V-Nb-C  (3-40-57)  Allov 
Quenched  from  3200 °C.  7 
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Figure  33.  V-Nb-C.  Isothermal  Phase  Equilibria  at  1400'C. 
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Figure  40.  V-Nb-C.  Isothermal  Phase  Equilibria  at  2300°C. 
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Figure  45.  V-Nb-C.  Isothermal  Phase  Equilibria  at  3040*C. 
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33I0°C 


Figure  46.  V-Nb-C.  Isothermal  Fhace  Equilibria  at  3310*C. 
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.  Maximum  Solidus  Temperatures 

Figure  47.  V-Nb-C.  Liquidus  Projections. 
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IV.  DISCUSSION 


From  the  distributions  of  tie  lines  in  the  two-phase  fields  (V,  Nb)- 
(V,  Nb)  C  and  (V,  Nb^C -(V,  Nb)C ,  one  can  derive  the  relative  stabilities  of  V2C 
versus  Nb2C  and  VC  versus  NbC,  assuming  the  solution  behaviors  of  the  three 
series  of  solid  solutions  {V.Nb).  (V.Nb^C  and  (V,Nb)C  are  known.  The  condi¬ 
tional  equations  governing  the  ternary  phase  equilibria  have  been  extensively 
discussed  by  Rudy*13*.  It  was  also  shown  that  the  ternary  solid  solution 
such  as  (V ,  Nb)C  may  be  considered  as  a  pseudo  binary  system  .consisting  of 
VC  and  NbC.  Moreover,  regular  solution  model  was  found  to  be  a  good 
approximation  for  describing  the  solution  behavior  of  these  phases.  The 
appropriate  equation  for  two-phase  equilibria  between  two  series  of  solid  solu¬ 
tions  is 


6AGQ 

ua 


(1) 


where  AGa  is  the  Gibbs  free  energy  of  formation  of  the  metal  solid  solution, 
(V.Nb),  AG*3  that  of  the  subcarbide  solid  solution,  x“  is  the  mole  fraction  of 
Nb  in  the  metal  phase,  and  x^  is  that  of  Nb.,C  in  the  subcarbide  phase.  Assum¬ 
ing  the  metal  phase  and  the  subcarbide  phase  behavior  regularly,  from 
equation  (1)  one  obtains  the  Gibbs  free  energy  difference  between  the  two 
binary  subcarbides  VC  and  NbC  as, 
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=  RT  In 
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i-j^+  «Q(l-2x°)-*P  (1-2xP) 
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where  AG,  and  AG,  xrr,  are  respectively  the  Gibbs  free  energies 

I*  NbGj  i 

of  formation  for'  the  two  binary'  subcarbide  phases  VC^/2  ant^  NbC^  *n 
cal/gatom  metal,  R  is  the  universal  gas  constant,  T  is  the  absolute  tempera 
ture,  and  «a  and  t*3  are  respectively  the  interaction  parameters  for  the  metal 
and  subcarbide  solid  solutions.  From  the  shape  of  the  solid-liquid  phase 
boundaries  in  the  metal  binary,  it  is  concluded  that  the  metal  solutions  are 
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endothermic.  Using  the  solubility  parameters  given  by  Brewer^*^,  one 
obtains  a  value  of  about  100*K  for  the  critical  temperature  of  the  metal  binary 
solid  solution.  However,  in  view  of  the  shape  of  the  solid-liquid  phase  bound¬ 
aries  in  the  vanadium -niobium  binary  system,  it  is  more  likely  that  the  criti¬ 
cal  temperature  for  a  miscibility  gap  would  be  higher.  Lattice  parameters  of 
alloys  heat  treated  at  650*C  for  113  hours  by  Wilhelm  et  al.^12*  showed  that 
vanadium  and  niobium  form  a  continuous  series  of  solid  solutions.  Accord- 
ingly,  a  value  of  800*K  was  taken  as  the  critical  temperature,  which  yielded 
a  value  of  3200  cal  for  the  interaction  parameter  i".  Different  values  of  «  ^ 
varying  from  4000  to  5600  cal/gatom  metal  were  used  to  calculate  the  Gibbs  free 
energy  difference  between  VC,^  and  NbC,^  ,  but  a  value  of  4800  cal/gatom 
metal  fit  the  experimentally  determined  tie-line  best.  The  value  so  obtained 
isAGf,  NbC  ,  '  AGi,  VC  ,=  -1900  +  550  cal/gitcm  metal.  The  uncertainty 

includes  onffthe  scatter  Vrom  the  individual  tie-line  calculations.  If  one  con¬ 
siders  the  uncertainties  in  the  interaction  parameters  used,  the  uncertainty  may 
be  twice  as  large  .  » 


Based  on  this  Gibbs  free  energy  difference  between  VC,^  and  NbC^ 
and  the  tie-line  distribution  between  (V,  NbJC^and  (V,Nb)C  as  determinedat 
1730*C  and  presented  in  Figure  9.  one  can  obtain  the  relative  stability  between 
VC  and  NbC.  From  equation  (1),  one  obtains  the  following  relationship, 


AGf,  NbC  *  AGi .  VC  =  *Gf,  NbC  x/  -  AGi,  VCl/2 

+  RT  In  ——a  ^  +,e(l-2xV  «Y<1-2xY, 


1  -x 


(3) 


In  the  above  equation,  dGf  Nbc  and  dGf  yc  are  respectively  the  Gibbs  free 
energies  of  formation  for  the  NbC  and  VC  phases,  and  xy  is  the  mole  fraction 
of  NbC  in  the  ternary  (V,  Nb)C  phase.  Using  the  value  of  ,P  =  4800  cal/gatom 
metal  and  assuming  that  the  quantity.  AGf(  ^  -  AG^  yc  ,  ia  independent 

of  temperature,  i.e.  A(AS)  =  0,  the  free  energy  2 difference  between  NbC  and  VC 
may  be  evaluated  using  equation  (3)  and  the  tie-line  distribution  at  1730*C. 
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Varying  values  of  ty  between  3200  and  4800  cal  were  used  to  evaluate  equa¬ 
tion  (3),  a  value  of  ty  =  4400  cal  was  found  to  fit  the  experimentally  determined 

tie  lines  best.  The  value  so  obtained  is  AG.  -  AG.  =  -3000  +  600 
./  I,  IN  DO  I»VG  — 

cal/gatom  metal.  Again  the  uncertainty  of  +  600  cal  is  that  due  to  the  scatter 

of  values  obtained  from  individual  tie  lines  only.  However,  when  one  considers 
all  the  other  uncertainties  involved,  the  overall  uncertainty  may  be  as  much 
as  +  1500  cal/gatom  metal. 

From  a  recent  compilation  of  the  thermodynamic  data  of  transition 
metal(T^|bide  18  determined  by  conventional  thermochemical  means  by 
Chang  ,  the  Gibbs  free  energy  difference  between  NbC^M  and  VC^o.M  is 
-7000  +  2000  cal/gatom  metal.  Even  considering  the  large  uncertainty  asso¬ 
ciated  with  the  value  obtained  in  the  present  study  and  that  with  the  literature 
value,  the  discrepancy  is  still  rather  large.  The  reason  for  this  discrepancy 
is  not  clear  and  may  be  due  to  different  value  in  the  carbon  to  metal  ratio.  Since 
VC  is  susceptible  to  oxidation  at  ordinary  temperature,  the  vanadium  carbide 
used  in  the  calorimetric  determination  might  be  contaminated  with  oxygen  and 
thus  would  yield  a  value  not  sufficiently  negative . 

Based  on  the  value  of  «  4400  cal/gatom  metal,  the  monocarbide  solid 

phase  would  form  a  miscibility  gap  at  about  823*C.  However,  in  view  of  the 
extremely  slow  kinetics  for  solution  formation,  no  experiment  was  carried 
out  to  verify  this  temperature. 
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